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Preface

This thesls was prepared at the request of Air Force
Communications Service (AFCS), XPIN, Richards-Gebaur Air
Force Base, Missouri. Researchers are studying the feasi-
bility of a satellite system for precisc navigation in the i
post-1980 time frame. As a result, AFCS has been tasked
with studying the proposed NAVSTAR Global Fositioning Sys-
tem, and for this reason, I have written this paper with a
two-fold purpose, First, I have researched and complled an
extensive reference source listing of current and past in-
formation concerning satellite navigation systems, the tro-
1 posphere, multipath, and noise. Finally, I wrote a computer
program to predict position errors that might result from

I’ the tropospheric effects on passive ranging from a high

altitude satellite navigation system.

I would like to thank Dr. E. C. Altshuler, Alr Force
Cambridge Research Laboratory, for nis time and assistance
in leading me through the literature dealing with tropo-
spheric modeling.

I would also like to express my gratitude tc Major

R. A. Reinman, Air Force Institute of Technology, for his

scrutinizing guidance throughout my preparation of .als

thesis,
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Abstract

A model for tropospheric delay of a radio signal from
a satellite, developed by E. Altshuler of the Air Force Cam-
bridge Research Laboratory is used to perform a three-dimen-
sional tropospheric error analysis for the NAVSTAR Global
Fositioning System (GPS). A program to evaluate the error
as a function of satellite positions and elevations, user
altitude, and surface index of refraction is developed. It

is found that the order of magnitude of the tropospheric

errors 1s such that these errors are not an impediment to
possible aircraft precision approeches using NAVSTAR. An
extensive bibliography of .AVSTAR and sateliite navigation

literature 1s included.
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COMPUTER ERROR ANALYSIS OF TRCPOSFHERIC EFFECTS FOR
THE NAVSTAR GLOBAL POSITIONING SYSTEM

1. Introduction

Background for NAVSTAR

Scilentists, engineers, and planners have recently been
tasked with seriously studying currently available navigation
systems in an effort to devise a futuristic system capable
of meeting the requirements of the United States after 1980. l
Prior to 1973, the Air Force and the Navy actively and ine
dependently pursued the idea of position determination and '

navigation using sateilites. TRANSIT is a result of Naval

Air Systems Command research and development and has a limited

’ operational capabllity as a navigation satellite system
(Ref 7). Another major effort by the Navy, TIMATION (Time
Navigation), provided valuable information about space:.
based oscillators for time referencing (Ref 5i11). The Air
Force System 621B revealed the feasibility of highly ao-

curate three-dimensional navigation witii radlio signals from

satellites. The results of system 621B testing at Holloman
Alr Force Base and the White Sands Missile Range convinoed
planners that a space-based navigation system alsc provided
sufficlent accuracy for potential use as an advanced air
traffic control system and as a freoision instrument approach
aid (Ref 8:2).

In order to integrate the previously independent efforts

of the Air Force and the Navy, the Deputy Secretary of Defense

R 'iii
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issued a memorandum in April 1973 naming the Air Foroce as
the executive service for the future Defense Navigation
Satellite System (DNSS), designated NAVSTAR Global Posi-
tioning System (GPS) (Ref 10: Chap. I, pp. 1-2). Ulti-
mately, the NAVSTAR system will be composed of three high-
altitude orbits containing eight satellites each. Each
orbit will be elevated 63° from the equatorial plane and
spaced 120° about a pole-to-pole reference axis from ad-

Jacent orbits as shown in PFig. 1.

POLAR
AXIS
63° 63°
T
CENTER

Pig. 1. Orbital Configuration

Maximum utilization of the system will be obtained by
interpretation of range and clock bias information from
four satellites visible to the user. Position determination
requires analysis.or range information from three of the

satellites. The user then calculates the signal delay time
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resulting from tropospheris diffraction and refraction, and
converts this delay into a range error, AR, associated with
each satellite. These range errors are then used to cal-
culate the "approximate"user-to-satellite ranges. The NAV-
STAR geometry is depicted in Fig. 2. With such a versatile
system for worldwide position determination (keeping in
mind both states of national emergency and peacetime),
there 1s a need for knowledge of how accurate the.ponition

prediction will be,

Problem Definition

The problem addressed in this thesis is the analysis
of range information as it is perturbed by the troposphere,
Specifically, a computer program is developed which will
apply the tropospheric model developed by Altshuler (Ref 1)
to the range information from three satellites. The range
information will be used to calculate the user's position
and variances associated with each of the position param-
eters, Additionally, the computer program will provide a
capablility for determining the user's position variances as
& function of satellite positions. Finally, this thesis
will include an extensive reference source listing covering
satellite navigation, effects of multipath and noise, tro-

pospheric effects, and air traffic control with navigation

satellites,
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Sz(xTvz,zz)

S3(X3Y3.23)

Sa(x1v1,2)

POSITION

EARTH _|
CENTER

Fig. 2. Typical HAVSTAR Geometry
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Scope
In NAVSTAR, user position determination and the assoclated

errors are a function of satellite position, tropospheric re-
fraction, noise, and the effects of multipath propagation.
Since current technology provides the capability of predict-
ing a satellite's position within a few feet (Ref 4:1440),
satellite pcsition error will not be considered in this paper.
The position error resulting from receiver noise will be unique
to the user's receiver and as such, calibration o» corpensation
for the characteristics of a specific receiver should minimize
this error source. Thus, the effects of noise will not be
considered in this paper. Nultipath will probably be a major
concern to planners, especially for low satellite elevation
angles and low altitudes. Since this error is geography-
derendent, separate cornsideration is required in any region,
and thus its effects will not be considered here. The scope

of this paper will therefore include c¢nly the effects of
tropospheric refraction and signal celay on the rangs infor-

mation from each of three sateilites.

Assumptions

The mathematics required to solve for position variances
1s a direct application of the developments by E. C. Altshuler,
Cambridge Research Laboratories, to a three-satellite system
(Ref 1 and Ref 2). The assumptibns made by Altshuler are also

assumed in this paper.
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To obtain an approximate user altitude, which i1s neces-
sary for calculating range error, the radius of the earth
is assumed to vary linearly from the poles to the equator.
in the operational NAVSTAR system, actual sea level infor-
mation will be extrapolated between precisely surveyed
monitor stations.

1t is assured the satellite ephemeris (position) error
is insignificant although it may become necessary to account
for this error at a later date. The GPS Specifications 1list
the standard deviation of ephemeris error as 1.6 feet, much
smaller than the radius of the satellite and accompanying
antennas (Ref 11:8;,

Finally, it is assumed that the three random variai.'es
rerresenting the user's range from each of the satellites
are statistically independent since the clocks aboard the

satellites are mutually independent,
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II. Mathematiecal Derivations Necessarz
for Computer Imglementation

In this chapter we will develor the necessary mathema-
tical relations for integrating the work done by Altshuler
into a three satellite system. First, we will show the steps
required to solve for the intersection of three overlapping
spheres. Next, we will develop the direction cosine angles
for the user-to-satellite vector and specialized orthogonal
axis system centered on the user. Finally, we will develop
positicn variances in components correspondiﬁg to the user-

centered axis system.

Fosition Solution
The user's position is basically determined by the

intersection of thre: spheres represented by three quadratiec

equations:
X -x)2+ (0 -1+ (2 - 2))2 = 2 (1)
(X - %)%+ (Y - ¥,)2 4 (2 - 2,)? = B2 (2)
(X - X5)% + (¥ - ¥5)% + (z - 2,)% = as (3)
where

Xn¥ne2, (n = 1,2,3) = The satellite coordinates in a
geocentric system

B, (n=1,2,3) = The radii of the spheres repre-
senting the range to the satel-
lite from the user.

After expanding the quadratic terms and collecting like-

ordered terms, Eqns. (1), (2), and (3) become
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2 2 2
<:_- X“ + K X + XY° + K.Y +2° 4+ xle = K, (&)
- X2 4+ KX + Y2 + KppY + 22 + Kpq2 = K, (5)
2 2 2 -
X< + K31x + YC + szx + Z° + K352 = Kgo (6)

We now have three quadratic equations in three unknowns,
and by using parametric equations, we will be able to deter-
mine the points common to the three spheres (three overlap-
ping spheres intersect in two points).

To develop the appropriate parametric equations, we
must first find the planes of intersection of two pairs of
the spheres. This results in two first order equations,

found by subtracting Eqns. (5) and (6) from Eqn. (4).

C11X + C1Y + Cy3Z2 = C (7)
C21X + CppY + Cp4Z = Cp. (8)

The parametric equations then follow
X = Nt + X' (9)
Y =0t +Y (10)
Z =Pt + 2 (11)

4 where X',Y', and Z' = any point on the line common to the
intersection of the planes represented

by Eqns. (7) and (8)
N,0, and P

coefficients of the cross product of
the normals to the planes represented
vy Eqns. (7) and (8) (Ref 12:1625).

Substitution of the parametric equations into Eqns. (1), (2),

or (3) ylelds a quadratic equation in terms of the parameter
t. Cnce the two solutions of this equation are determined,
they can be substituted in turn into Eqns. (9), (10), and

(11) to determine the two points common to the intersection
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(UP)
XN S10xp 1.2

Zy
(NORTH)

W
(EAST)

Pig. 3. Results of Axis System Rotated and
Translated to the User

NOTE - Only one satellite i1s depicted with its respec-
tive direction cosine angles.




GE/EE/75-7

of the three spheres represented by Eqns. (1), (2), and (3)
(Ref 31170-173).

Calculation of Direction Cosine Angles

In order to calculate variances of the estimate of the
user's position, we will first center an orthogonal axis
system on the user with axes aligned to the up (altitude)
direction, East, and North as depicted in Fig. 3. To insure
validity in all octants, we will define all positive angles
with standard directions in right-handed coordinate sy<tems.
We can now define a point (x,y,z) in the geocentric coordi-
nate system as a new point (xN,yN.zN) in a user-centered
coordinate system by an axis rotation about the Z axis (Fig.
L,) followed by another rotation about the displaced Y axis
(Fig. 5.), and a translation to the user along the displaced
X axis. The parameters (p,0,¢) correspond to the polar
coordinates of the user's geocentric position and the required
axls rotations and translation necessary to place a new co-

¢ ~dinate system on the user,

Pic, 4. Axis Rotation in X-Y Flane

10
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The value for x and y in the geocentric coordinate system
are represented by Egqns. (12) and (13) (Ref Fig. 4).
pcos(Y) (12)
psin(Y). (13)

X

y

The same point, in the new axis system, rotated an angle 6

about the Z axis is

x" = pcos(Y=9) (14)
y' = psin(v-0) (15)
or
x* = xcos(6) + ysin(e) (16)
y' = -xsin(8) + ycos(8). (17)

with these values, we can rotate the axis system about the

Y*' axis an angle ¢ as shown in Fig. 5. With the same logio

Figz. 5. Axis Rotation About the Y' Axis

and a trigonozetric identity, we calculate the remaining
values of “he point in the new rotated system
™ =-231n(4%) « (xcos(6) + ysin(e))cos(%) (18)
Zy = zcos(4) - (xcos(8) + ysin(8))sin(é), (19)

Since the X™ axis lies along the vector to the user's posi-

11
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tion, a translation out this axis a length p ylelds

xy =-zsin(¢) - (xcos(8) + ysin(6))cos(9) - p (20)
yN = ycos(6) - xsin(9) (21)
zy = zcos(d) - (xcos(6) + ysin(8))sin(d) (22)

(Ref 31168).
By knowing the geocentric coordinates of the three satel-
lites, we can calculate the direction cosine angles of the
user-to-satellite vector Py relative to the user-centered

axis system

By = cos~(xy/ Py ) (23)
By = cos'l(yN/ Py ) (24)
By = cos‘l(zN/ PN o (25)

Calculation of Variance

Since we are assuming the error, AR, is actually alung
the vector from the user to each satellite, we can now use
the direction cosine angles to find the components of the
error along each of the axas at the wser, For example, vz
will oconsider the altitude error

Ep = Ejcos(Byy) + Ezcos(fy,) + E3cos(Bx3) ' (26)
where

Ey (1 = 1,2,3) = error associated with each
satellite

Pgy (4 = 1,2,3) = direction cosine angles between
the user-to-satellite vector and
the axis corresponding with
altitude,

Since we are considering the error to be a random variable
and we are assuning the three random variables to be inde-

pendent and the error distributions to be gaussian, we will

12
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add the corresponding variances, giving us an altitude
variance

Vg = (clcosﬁxl)z + (czcosﬁxz)z + (GBcOEBIB)Z (27)
where

oy (L = 1,2,3) = standard deviation of the range errer

assoclated with each satellite (Ref 9
250-251).

Using the same logic, east-west variance and north-south
variance are

Vg = (6lcosﬁy1)z + (czcosﬁyz)z + (a3cospy3)2 (28)

y = (clcosgzl)z + (azcosﬁzz)2 + (aacoapza)? (29)

We have introduced the mathematical relations neces-
sary for calculating position variances by a passive
ranging technique from high altitude navigation satellites.
We first outlined the steps for determining the points com-
mon to three overlapping spheres in an orthogonal, right-
handed axis system. Next, we outlined the steps for the
rotation and translation of an orthogonal axis system. We
then combined these developments to derive the dirention
cosine angles of a known vector relative to the new axis
system, Finally, we introduced random variables and devele

oped variances relative to the new axis system.

13
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111, CLomputer Program

As a part of this thesis, a computer program was written
to calculate position variances resulting from tropospheric
effects on passive ranging. This chapter will discuss the
rurpose of each subroutine and the versatility of the com-

Flete rprogram.

Explanation of the Subroutines

The computer program is comrosed of eight subroutines,
each with a specific function, supporting a main program
which can provide any of three output options shown in the
flowchart in Fig. 6.

DRCSNS (direction cosine angles). This subroutine

requires that the calling program provide satellite coordi-
nates and the user's geocentric position. ¢t then calculates
the direction cosine angles of the user-to-satellite vector
relative to an orthogonal axis system at the user with axes
corresponding to up (altitude), Ezst, and North. In addition,
this subroutine converts earth-centered satellite coordinates
to user-centered coordinates.

DELTAR (AR). The arguments required to call this sub-
rou*tine are user altitude, satellite elevetion angles, and
index of refraction. This subroutine then calculates the
predicted tropospher'c range error of the user from each of
the three satellites. The trcpospheric model was developed
by Altshuler (Ref 1).

14
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1. SATELLITE COORDINATES (X)Y,2)
2.USER-TO-SATELLITE RANGES (R)
3.USER ALTITUDE (ALT)
4.SURFACE INDEX OF REFRACTION
5.SATELLITE ELEVATION ANGLES

(N)
(SATEL)

TABULATED
VARIANCE

PROFILE

|

DETERMINE N
AND SET INDEX
FLAG (CN)

J

DETERMINE
ALT AND
SATEL

POSITION
AND

VARIANCES
(XY.Z,R)

POSITION
VARIANCES

(SATEL ,ALT)

Fig. 6. NAVSTAR Compvter Progren Flowchart
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VAR (variance). This subroutir: calculates the user's
altitude position variance, east-west position varlance,
and north-south position variance from the direction cosine
angles, range error, and the index of refraction flag (which
tells the subroutine if the index of refraction was known
precisely or estimated). The necessary calculations are
based on the linear relation between standard deviation and
range error developed by Altshuler (Ref 2:11l).

ALTEST (altitude estimator). This subroutine estimates

altitude and satellite elevation angles from satelllite posi-
tions and user-to-satellite range information, if these para-
meters are not initially specified. This subroutine is used
primarily for problem simulation and program verification
because altitude and satellite elevation angles should be
precisely known in actual system utilization. A modification
of this subroutine could be used as a back-up for determin-
ing satellite elevation angles and altitude in the event of
on-board equipment failure.

FTOR (polar to rectangular). This subroutine i used

to convert polar coordinates to rectangular coordinates.
If the satellite positions are provided in rectangular co-
ordinates, this subroutine may be eliminated.

PSN (vosition). This subroutine is used to solve the
three sirultaneous second order equations representing threse
spheres, whose radii are R; and which are centered on the
satellites at (xi; Y, Zi). i=1,2,3. Since the solution

involves two points, this subroutine selects the correct

16
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point by comparing the given user altitude with the altitudes
computed from the two points. This approach breaks down if
all three satellites are in the same plane with the earth
since both points yield the same altitude, but because of

the problem geometry, this condition would be of short dur-
ation and could be disregarded. In actuality, the NAVSTAR
system will rely on range information from the fourth satel-
lite to select ti.e correct point. The solution is provided
to the main program in both polar and rectangular coordinates.

VARPROF (variance profiie). The output from this sub-

routine is a comrrehensive tabulated position variance
profile dependent upon altitude, index of refraction, satele
lite elevation angles, and the angle of rotation from north
of the plane defined by the XN axis and each satellite. The
calling program must specify altitude, index of refraction,
and the refractive index flag. All angular iterations in
this subroutine are with respect to the user-centered axis
system and the increments and starting points may be adjusted
by the operator,

VNCE (variance). This subroutine allows the planner to
calculate rosition variances for one specific combination of
satellite elevation angles, angles between north and the
plane defined by the XNaxis and each satellite, user altitude,

surface index of refraction, and the refractive index flag.

Frogram Versatility
Outrut Variations. The computer program is designed to

provide three speciric output fcmmats as shown in Appendix A.

17
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The first format is a typical user positiocn solution and
assoclated variances given the position of three satellites
and respective user-to-satellite range information. The
second format <hows the tabulated cutput obtained from the
VARFROF subroutine. By setting the angular interation in-
crements in the six "do" locops and specifying altitude,
surface index of refraction, and the refractive index flag,
the planner can list the position variances for any possible
combination of three satellites. The third format lists
the position variances for any selected combination of
three satellites.

The computer program is structured to provide the
planner with a versatile tool for predicting position
variances resulting from trorospheric effects. In addition,
modificatinns of the basic program can result in a variety
of outputs such as the results depicted in the graphs shown
in Figs. 7 and 8. Because of the range of the satellites
from the centzr of the earth, satellite elevation angle
is practically invariant as user altitude varies between
sea level and 60,000 feet. (For example, at low satellite
elevation angles these elevation angles change about ,05°
between sea level and 60,000 feet.) By eliminating the six
¥do" loops assoclated with satellite angles and by fixing
these values, we can design our output to show the relation
between position variances and altitude.

System-frogram Compatibility. The computer program was

designed for use on the CDC 6600 system using Fortran IV

18
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source language (Appendix B). A 1list of all non-ANSI
(American National Standards Institute) language useage
(Appendix C) is provided for converting the program, if
necessary, to be compatible with some other computer

system,
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IV. Literature Search Results

This chapter contains a listing of reports containing
information pertinent to the understanding of NAVSTAR.
Reports are listed under the following major subject areas;
Ajr Force 621B Satellite Navigation System, Air Traffic
Control Employing Satellites, The Troposphere and Satellite
Navigation, Multipath, NAVSTAR GPS, and Miscellaneous
Reports Associated with Satellite Navigation. Where possi-
ble, the 1listing includes a brief description of the report.
Defense Documentation Center reference numbers are included

when avallable.

Aly Force 621B Satellite Navigation System

1. FLIGHT TEST OF THE 621B NAVSAT SYSTEM, by B. O.
Montgomery, P. G, Howe, and C. E. Hymas. January 1973.
(AD-967 451L)*

This report contains the results of testing two navi-
gation receivers to evaluate system performance and identify
inherent problems of the 621B Navigation Satellite System.

2. SYSTEM 621B USER EQUIPMENT DEFINITION AND EXPERI-
MENTS PROGRAM, by J. J. Courtney, R. Laho, and 1. Kadar.
Aprll 19730

This report, in three volumes, summarizes a series of
flight and ground tests, conducted at the White Sands Mis-
sile Range, to evaluate the performance of user equipment

in flight and field environments.

*DDC numbers followed by an L are limited documents. These
are avallable only through a technical justification ac-
ceptable to the contracting authority.
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VOLUME 1 (AD-910 451L) - This 1s a summarized descrip-
tion of the 621B program, the ground and flight equipment,
and an overview of the test results,

VOLUME 2 (AD-910 452L) - This paper discusses program
history, equipment description, and data processing
approach.

VOLUME 3, part 1 (AD-910 453L) and part 2 (AD-910 4SAL)
- These papers offer a detalled presertation of the data
taken during the program and a discussion of the results
and conclusions to be drawn. Much of the techno.ogy from
the Air Force 621B program carried over directly to the
NAVSTAR program.

Alr Traffic Control Employing Satellites

3. STUDY OF A NAVIGATION AND TRAFPIC CONTROL TECH-
NIQUE EMPLOYING SATELLITES,

VOLUME 1, by D. D, Otten., December 1967 (N68-31277;
TRW-08710-6012-R000, V=1). - User hardware, satellites,

and ground stations were considered for use in a navigation
and traffic control system for Atlantic coverage for large
aircraft, general aviation aircraft, and marine craft. An
error analysis was made of all operation modes, critical
test areas were defined, and rates and capacity of the sys-
tem for traffic control were determined, Estimates were
made for costs of hardware making up the navigation sub-
system of the satellite and thefground station network, as
well as for hardware costs to various classes of users.

Modulation techniques for ranging were studied, breadboards
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of severa; antenna designs were tested, and an industry
survey of user state-of-the art was made,

VOLUME 2, by D. A. Conrad. December 1967 (N68-31278;
TRW-08710-6012«R000, V-2). - Satellite constellation and

ground station network analyses are dosumented, and the
results of tracking accuracy and error analyses are pre-
sented, Measurement correlations are identified as time-
serial correlation, interstation correlation, and intersat-
ellite corfela;ion. Overall névigation accuracy is
analyzed for the complete worldwide system and for an
interim system coverirng the North Atlantic. Navigation
equations are derived for four classes of users: a rela-
tively sophisticated user, such as a supersonic transport,
desiring maximum sccuracy; a user with more limited compu-
tational facilities than the SST, but who requires a rea-
sonably high degree of accuracy; the simplest class of
user, who will use charts and make hand calculations to
compute position; and a user who is provided additional
data to make his computations nearly trivial. Computer
programs are included,

VOLUME 3, by N. Estersohn and A. Garabedian. December
1967 (N68-31279; TRW-08710-6012-R000, V=3). - The basic

NAVSTAR system, its key elements, and major functions are
described; and the antenna, receiver, preprocessor, com-
puter, and display and control subsystems are treated in
detajil. BINOR code, pulse compression, and fixed-tones

preprocessor deslgns were considered; and computer sizing
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analysis is studied, and surveys of an aerospace computer
and an electronic calculator/desk-top computer are made.
New technology is mentioned, including methods of reducing
memory costs. Ranging modulation studies for position
location using a navigational satellite system are detailed.

VOLUME 4, by L. D. Otten. December 1967 (N68-31280;
TRW-08710-6012-R000, V-4), - Requirements are considered

for the ground system to support an air traffic navigation
system consisting of a two-orbit network with eight synch-
ronous satellites in each orbit. A network of supporting
ground stations is proposed, with the distribution of
tracking sites designed for high accuracy. Location of the
various stations, their functional descriptions, and some
preliminary cost estimates are presented. Navigation sig-
nal generation, the L-band transmitter for the navigation
signal system, and communications (voice) links are con-
sidered, Details relating to satellite design include
structural requirements, mass properties, electrical inte-
gration and power, antenna subsystems, antenna design and
attitude control, propulsion, and thermal control. System
and subsystems reliability are discussed as are a survey of
very atable oscillators, satellite oscillator reset, and
command requirements and telemetry measurements.

VOLUME 5: APPENDUM, by A. Garabedian., October 1968
(N68-383064 TRU-OS?IO-GOIZ-ROOS). « Data links to provide

full duplex communications between NAVSTAR system users

and ground stations are considered in terms of alr traffic
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control (ATC) capability for the satellites. Traffic con-
trol links and communications equipment required for ground
stations, aircraft, and satellites are described; and esti-
mated data requirements for surveillance and link power
budgets are given., The satellite tracking data relay func-
tion and the impact on the satellite of adding the increased

B

communication for traffic control are discussed., User hard-
ware costs to implement the traffic control communications
are estimated, assuming a production run of 200 units.

4, A SATELLITE SYSTEM TO SUPPORT AN ADVANCED AIR
TBAFFIC CONTROL CONCEPT, by J. B. Woodford. January 1970
(AD~-700 ok42).

This report describes a potential air traffic control
system capable of meeting the demands of the United States
through the 1990's. The report includes some gross cost

analyses.,

The Troposphere and Satellite Navigation

5. TROFOSPHERIC REFRACTION CORRECTIONS FOR AIRBORNE
SYSTENS, by P. M. Kalaghan and E. E. Altshuler. AFCRL-TR-
0376, June 1973.

This report considers tropospheric range error cal-
culations relative to low elevation angles. In addition,
the author considers assumptions for tropospheric modeling.

©, CORRECTIONS FOR TROPOSFHERIC RANGE ERROR, by E. E.
Altshuler., AFCRL-71-0419, July 1971.

This paper rresents a simple empirical expression for
tropospheric range error when satellite elevation angles

are greater than §°,
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7. TROFCSPHERIC RANGE ERROR CORRECTIONS FCR THE
NAVSTsR SYSTEM (with errata), by E. E. Altshuler and F.

The author develops a model for the tropospheric
signal delay and subsequent range error assocliated with
the NAVSTAR high altitude satellite navigation system.
ror computer adaptation, the necessary calculations in
this model require only addition, subtraction, multipli-
cation, and division, and the results compare with those
obtained in reference 6 above.

8. PRCCEEDINGS OF THE SECCND TROFOSFHERIC REFRACTION
EFFECTS TECHNICAL REVIEW MEETING, prepared by the Mitre
Corporation.

VOLUME 1, March 1964 (AD-435 973)
VOLUME 2, April 1964 (AD-L41 576)

This report, actually in three volumes of which only
two are referenced here, includes numerous papers on tropo-
spheric effects, multipath, and instrumentation., Of partize
ular interest i1s a paper by K. Norton entitled "Effects of
Tropospheric Refraction in Earth-Space Links" found in
volume 1. The paper by Norton is a survey of knowledge of
tropospheric refraction phenomena.

9. FREDICTION TECHNIQUES FCR THE EFFECT OF THE ICNQa
SFHERE ON PSEUDU-RANGING FRON SYNCHRONOUS ALTITUDE SATELLITES,
by V. L, Fisacane, M. M. Feen, and M, Sturmanis. August
1972 (AD-749-486).

This paper analyzes ionospheric effects on the range
informzation from synchronous orbit satellites. The authors

discuss factors to be considered for precise ranging as it

relates to position determination.
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10, A TWO-QUARTIC REFRACTIVITY PROFILE FOR THE TRO-
POSPHERE FOR CORRECTING SATELLITE DATA, by H. S. Hopfield.
September 1968 (AD-685 217).

A new model of the height profile of tropospherioc
refractivity is presented as the basis for an improved

tropospheric correction for satellite doppler or range data.

Multipath

11l. EFFECTS OF MULTIFATH ON RANGING ERRCR FCR AN AlR-
FLANE-SATELLITE LINK, by F. A. Bello and C. J. Boardman.
IEEE Transactions on Cormunications, vol. 21, no. 5, 564-576,
May 1973.

This is an analysis on the effects of noise and surface

scatter multipath in an airplane-satellite link.

12. SCME OBSERVATIONS OF SATELLITE/AIRCRAFT KULTIFATH
FROE:RTIES AT 1600 MHZ, by S. Karp. ILEE Transactions on
Communications, vol. 22, no. 10, 1720-1722, Cctober 197%,

Since 1600 MHZ is in the frequency range of the NAVSTAR
gsystem, this paper is of particular interest in a study of
the multipath problems associated with NAVSTAR.

NAVSTAR GPS

13, TEST FLAN FOR NAVSTAR NAVIGATION SYSTEM, by TRW
Systems Group, Redondo Beach, Calif. November 1968.

VOLUME 1 (N69-2651; TRW-08710-6023-R0-00). - The test
plan described develops a series of tests for evaluating the
NAVSTAR navigation system. The test sequence ircludes the
following four types: (1) laboratory tests, using a precision
oscillator, BINOR code generator, and low power L-band trans-
mitter connected thrcugh an attenuator to a time division

multiplex receiver and range acquisition unit; (2) field
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tests, using a receilving aircraft and/or helicopter to sim-
ulate a user and signal sources; (3) ERS (piggyback-launched
satellite) test, using a low-orbiting satellite carrying the
BINCR code signal portion of the navigation signal subsystem
plus supporting subsystems; and (4) demonstration test using
four of the IDCSP satellites for transponding range signals
among 2 network of ground stations. Budgetary and planning
type cost estimates plus schedules for tne laboratory and
fleld tests are also given.

VOLUME 2, (N69-28652; TRW-C8710-£024-R0-00). - The
satellite proposed for the NAVSTAR test program is one member
of an existing family of Environmental Research Satellites
(ERS). The test satellite is configured to provide a highly
accurate check on range measurements at a ground station by
carrying a MISTRAM "B" transponder in addition to the range
equipment., The satellite weighs 68 pounds and carries as the
experimental payload a stadble oscillator, a BINOR code gener-
ator, an L-band transmitter and a MISTRAM E transponder for
obtaining highly accurate ranze and range-rate data at the
ground facility. A sep~rate VHF transmitter is included which
will transmit status performance data on the satellite systems.
The setellite is also command controllei by a VHF command link.
A simpler test satellite design which does not include the
KISTRAM system 1s also described. The satellite in this case
weighs about 32 pounds and carries only the L-band BINOR code
system as the experimental payload. The orbit for this con-

figuration would be the same as for the MISTRAM configuration.

29

it S ot Bttt




N

GE/EE/75-7

The following six documents comprise the specifications
for the NAVSTAR Globel Positioning System, and are available
from Space And Missile Systems Organization, E1 Segundo,
California.

14, SYSTEM SPECIFICATIONS FCR THE NAVSTAR GLOBAL POSI-
TIONING SYSTEM, PHASE I, APFENDICES I AND II, SCN 1 and 2,.
SS-GPS-101B, Code Identification 07868. SAMSO/YEN.,

15, SYSTEM SEGMENT SFECIFICATIONS FOR THE CONTROL
SYSTEM SEGMENT (. THE NAVSTAR GLOBAL FOSITIONING SYSTEM,
PHASE I, SS-CS-101A, Code Identification 07868, SAMSO/YEN.

16. SPECIFICATIONS FOR THE NAVSTAR GLOBAL POSITIONING
SYSTEM INVERTED RANGE, STE-IR-101A, Code Identification
07868. SAMSO/YEN.

17, USER SYSTEM SEGMENT SPECIFICATIONS FOR THE NAV-:
STAR GLOBAL FPOSITIONING SYSTEM, PHASE I, SS-US-101A, Code
Identification 07868, SAMSO/YEN

18, SPECIFICATIONS FOR THE NAVSTAR GLOBAL POSITIONING
SYSTEM TEST PCD, STE-TP-101A, Code Identification 07868.
SAMSO/YEN.

19, PROGBRAM TEST FLAN FPOR THE NAVSTAR GLCBAL POSI-
TIONING SYSTEM, PHASE I, ANNEX I, INTEGRATED LOGISTICS SUP-
§g§T PLAN, YEN-74-102A, Code Identification 07868, SAMS0/

20. NAVSTAR GLOBAL POSITIONING SYSTEM PROGRAM MANAGE-
MENT PLAN, SAMSO/YE, July 1974.

This document establishes Joint Service Program execu=-
tive policies and implementing procedures for the management
and acquisition of the NAVSTAR Global Positioning System

throughout its life oycls.,

Miscellaneous Rerorts Associated With Satellite Navigation

21, UNMANNED SFACECRAFT FOR RESEARCH, by C. D. Graves.
1972 (N73-13830).
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The applications of unmanned spacecraft for research

purposes are discussed. Specific applications of the com-

p.ﬁ al

munication and navigation satellites and the earth observa-

tion satellites are described. Diagrams of communications
on a world-wide basis using synchronous satellites are }2

developed. Photographs of earth resources and geology 1y

obtained from space vehicles are included.

22, NAVIGATION WITH HIGH-ALTITUDE SATELLITES: A
STUDY OF ERRORS IN FOSITION DETERMINATION, by D. L. Snyder.
.February 1967 (AD-648 828).

Position determination by use of a high-altitude sat-

ellite navigation system is investigated. The basis for
the error analysis is a system modelled as a problem of
nonlinear estimation.

23. NAVIGATION WITH HIGH-ALTITUDE SATELLITES: A
STUDY OF RANGING ERRORS, by T. J. Goblick, Jr. August 1966
(AD-643 851).

This paper considers the factors affecting user-to-
satellite ranging. The author also includes a discussion
of multipath effects as they relate to range determination.

24, ANALYSIS OF SATELLITE NAVIGATION SYSTEM STUDIES
ggnc}aasifled title for a classified document), (AD-516-
65L).

25. ACCURACY OF DEFLECTION OF THE VERTICAL DERIVED
FROM SATELLITE ALTIMETRY, by C. J. Cohen and B, Zondak.
October 1971 (AD-889 056L).

This paper is referenced here because of its discussion
of a geold model and the interaction of the model with sig-

nal structure.

Satellite Navigation Systems
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26. NAVIGATION SATELLITE CONSTELLATION STUDY, by P,
M. Holmes. November 1967 (AD-831 108).

This report is an analysis of satellite configura-
tions and associated accuracies assuming the system to be
the range difference type. The primary uses of this report
are to provide a method for examining satellite visibility,
provide a method for the determination of user errors,
provide estimates of accuracy with which satellites may be
tracked in various orbits, and provide tables of theoret-
ical accuracy.

27. CONSTELLATION STUDY FOR SATELLITE NAVIGATION WITH
PASSIVE RANGING, by D. A. Conrad. May 1968 (AD-834 284),

This report is useful in gaining an insight into the
concepts of passive ranging from a satellite system. In-
cluded is a good discussion of oscillators and the problems
arising from instabilities.

28, TIMATION NAVIGATION SATELLITE SYSTEM CONSTEL-
LATION STUDY, by J. A, Buisson and T. B. McCaskill, June
1972 (AD-902 178L).

This report is a study conducted by the Naval Research
Laboratory of the TIMATION technique of passive ranging.

It deals primarily with the feasibility of constellation

structuring.

29, ANALYSIS OF NAVIGATION ERROR SOURCES FOR THE TIM-
ATION DNSS, by E. R. Swift. November 1973 (AD-774 912),

This report is an error anglysis for the TIMATION
satellite navigation system. The tropospheric model used
is based on work by Hopfield found in "Tropospheric Effect
ot Electromagnetically Measured Range: Prediction from
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Surface Weather Data", Radio Science, volume 6, number 3,
1971,

30. TACTICAL SATELLITE NAVIGATION SYSTEM STUDY, by
K. D. McDonald, K. M. Joyce, and R. J. Yoo. November 1968
(AD-8U49 347).

This report involves the analysis of navigation satel-
lite techniques for use with Army tactical ajircraft. This
presentation covers the evaluation of such technical disci-
plines as the sensors and their measurement errors, timing
systems and their accuracies, and the impact of the frequency
and modulation choices on propagation losses and system

efficienclies,

31. A SELECTED BIBLIOGRAPHY ON THE USES OF NAVIGATION
SATELLITES, By C. R. Burt. October 19€7 (AD-821 230).

This bibliography on the uses of navigation satellites
covers the open published and report literature from 196¢
to 1967. 1t contains 86 listings of which several were
researched for background material in preparation of this

thesis.
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Ve Summary

Development of the mathematical relationships neces-
sary for finding the intersection of three spheres, and for
rotating and translating the original axis system to this
intersection are outlined in Chapter II. This intersection
is then analyzed assuming the radiil of the spheres to be
independent, zero mean, gaussian random variables. These
mathematical relationships and random variable concepts
then form the basis for a computer program designed to
solve for position variances resulting from tropospheriec
effects on passive ranging and the subsequent position
determination associated with the NAVSTAR Global Positioning
System. The range errors and linearly related variances
calculated with this program agree with values estimated by
Altshuler, A comprehensive source listing of material
covering all aspects of satellite navigation has been com-
piled. The references in this listing are intended to pro-
vide the reader with both background information and ocur-
rent thought in such areas as multipath propagation, air
traffic control employing satellites, error analysis, and
research previously undertaken by the Air Force, Navy, and
Amy. The versatility of the computer program has been
discussed with examples of output variations converted to
grarhs and presented in Figs. 7jand 8., A computer card
deck is maintained at the Alr Force Institute of Technoloegy,
Department of Electrical Engineering (AFIT/ENE), Wright
Fatterson Alr Force Base, Ohio 45433,
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Appendix A
Outrut Variations

The rirst format is a typical user position solution
and assoclated variances given the position of three satele
lites and respective user-to-satellite range information.

The second format shows the tabulated output obtained
from the VARFROF subroutine.

The third format 1ists the position variances for any
selected combination of three satellites.
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Appendix B

Computer Program

This appendix contains a computer generated listing
of the NAVSTAR computer program and and the eight sub-
routines required for troposrtheric error analysis.
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